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Evidence of local excitons in the core level spectra of Si/Ge inverted quantum hut
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Conversion of Si to a direct bandgap semiconductor for optoelectronic application is a great chal-
lenge for many decades. It is proposed that embedment of suitable sized quantum dots into silicon
matrix may be exploited to convert silicon to a direct bandgap semiconductor. The other bottle-
neck to this outstanding issue is the identification of local excitons, a signature of direct bandgap
property and their comportment within the dots that can be utilized in engineering optoelectronic
devices, quantum communications, etc. We studied the core level spectra of Si/Ge quantum huts
embedded Si employing high resolution photoemission spectroscopy. Inverted quantum huts (IQHs)
of Ge (13.3nm × 6.6nm) were grown on a Si buffer layer deposited on Si(001) surface using molecular
beam epitaxy method and the photoemission experiments were carried out at different locations of
the IQH structures exposed via controlled sputtering and annealing processes. We discover distinct
features in the Ge 3d core level spectra at the lower binging energy side of the bulk 3d peak in con-
trast to the scenario of core level satellites often observed due to photoemission final state effects.
The energy of these features are found to be sensitive to the location of the IQH structure probed
revealing different core hole screening by the excitons located at different parts of IQHs. These
results reveal local character of the excitons in the IQHs necessary for type I photoluminescence
and establish core level spectroscopy as a direct probe of local excitons. These finding are expected
to help amalgamation of microelectronics and solid state photonics important for optoelectronic
applications.
Advances in silicon integrated circuits (ICs) based
technology [1, 2] has led to well-developed microelec-
tronic devices containing more than two billion transis-
tors on a single chip that satisfies Moores law[3] over sev-
eral decades. Silicon, an indirect bandgap semiconduc-
tor, is a poor optical material requiring phonon assistance
for electronic transitions [4]. Nanostructure embed-
ment in Si [5] is being exploited to engineer high-speed
low-power optical output devices[6], light emitters[7],
lasers[8], electro-optic modulators[9], etc., where the pho-
toluminescence yield is comparable to the direct bandgap
quantum dots[10]. Recent experiments show carrier mul-
tiplication efficiency of 190% in germanium nanocrystal
of 5-6 nm size [11] and quantum-confined exciton induced
strong Stark effect in thin germanium quantum-well on
silicon [12]. However, the strain at the Si/Ge interface
generally gives rise to type-II band alignment [13] exhibit-
ing power law dependence (exponent = 0.7 - 1.5) [14] of
photoluminescence energy making it an inefficient optical
material. A density functional theoretical study shows
signature of direct band gap in Ge quantum structure
grown on Si(001) and Si(111) crystals, while the indirect
bandgap survives for Si(110) substrate [15]. Moreover,
incorporation of Ge into Si matrix enhances hole mo-
bility [16] and photoluminescence emission near 1.5 µm
region[17]. Thus, SiGe quantum structures embedded in
Si appears to be a promising candidate for optoelectronic
applications.
In order to address the outstanding issue of the be-
haviour of excitons [18], we employed core level photoe-
mission spectroscopy (CoLePES), where incident pho-
tons excite core electrons at a fast time scale (∼ at-
tosecond range) revealing the element specific local elec-
tronic structure. Small escape depth of the photoelec-
trons makes the technique surface sensitive[19]. We have
exploited these features to build a platform for studying
the behaviour of excitons located at different parts of the
Si/Ge quantum structures.
Ge quantum structures were grown on a Si buffer layer
prepared on Si(001) surface using molecular beam epi-
taxy, where the Ge atoms diffuse into the Si buffer layer.
Quantum dots are usually prepared employing Stranski-
Krastanov (S-K) mode-based epitaxial growth of self-
assembled nanostructures, where the three dimensional
islands are formed at the surface/interface followed by
two dimensional wetting layer (WL) growth for II-V, III-
IV and IV-IV semiconductor materials. Instead, here, Ge
atoms diffuse into the underneath Si buffer layer grown
on the substrate at temperatures of about 430 ◦C and
form special type of self-protected inverted quantum huts
(IQHs) [20–22]; IQHs of much bigger size (75nm base
and 21nm height) are reported to form at lower growth
temperatures [23]. The high resolution XTEM (cross
sectional tunneling electron microscopy) image shown
in Fig. 1 exhibits a dimension of 13.3 nm (base) ×
6.6 nm (depth) with sharp boundary; the confined vol-
ume is significantly smaller than the previously reported
SiGe IQHs[21–23]. The irony of this system is the self-
protection of the quantum structures; no capping layer is
needed to protect the quantum structures from external
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FIG. 1. (a) XTEM image of Si/Ge quantum structure; dark
and grey colours represent Ge and Si atoms, respectively. (b)
High resolution XTEM image of the boxed region in (a). The
horizontal lines represent the exposed surface after sputter
anneal cycle; ‘s10(WL)’ refers to 10 minutes sputtered surface
revealing the wetting layer (WL). At s17, s42, s72 and s100,
the exposed surfaces are the base region (depth 1.1 nm), mid
region (depth 2.7 nm), mid region (depth 4.7 nm) and tip
of IQHs (depth 6.6 nm), respectively. (c) Ge 3d core level
spectra exhibiting new features in energy range 21-28 eV. The
inset shows 21-28 eV region with rescaled intensity. (d) Si 2p
core level spectra exhibiting energy shift at different exposed
surfaces. (e) The energy shift of the Ge 3d5/2 (open symbols)
and Si 2p3/2 (solid symbols) peaks at different locations of the
quantum huts relative to s10 peaks.
environment unlike the conventional quantum dot sys-
tems [24]. A wetting layer of 1.1nm thick Ge was grown
on top as shown in the high resolution cross-sectional
transmission electron microscopy (XTEM) image in Fig.
1(a) and Fig. 1(b).
Photoemission measurements were carried out us-
ing a Gammadata Scienta R4000 WAL analyzer and
monochromatic Al Kα source at an energy resolution
of 350 meV. All the measurements were carried out at a
temperature, 20 K using an open cycle helium cryostat
from Advance Research Systems. We exposed different
parts of the IQH structures using controlled low energy
Ar sputtering and annealing at 400 oC. The exposed sur-
face was identified by XTEM, EDX (energy dispersive
analysis of x-rays) and SIMS (secondary ion mass spec-
trometry). In Fig. 1(b), we show various surface termi-
nations studied. For example, ‘s10(WL)’ refers to 10 min-
utes sputtered surface revealing the wetting layer (WL).
At s17, the base region of the IQHs is exposed (depth
1.1 nm). s42 and s72 are the mid regions of the IQHs
having depth of 2.7 nm and 4.7 nm, respectively; these
two regions expose the SiGe alloy within IQHs and the
side interfaces between Si and IQHs. At s100, the tip of
IQHs (depth of 6.6 nm) becomes visible.
Si 2p and Ge 3d core level spectra exhibit significantly
different peak positions in the spectra from different loca-
tions as shown in Fig. 1. The energy shift in Si 2p spectra
can be understood as follows. There are two types of Si
- (i) Si(1) (no Ge neighbour) and (ii) Si(2) (Si in SiGe
alloys of IQHs). The shift to lower binding energies can
be attributed to the decrease in local potential due to
hybridization with Ge [25–27] and hence, indicates con-
tribution from Si(2). The shift to higher binding energies
at s17 and s100 indicates relatively larger contribution
from Si(1) as expected after removal of wetting layer and
the IQHs, respectively. The Ge 3d peak, however, shifts
by 200 meV towards higher binding energies from s10
to s17 whereas Si 2p shifts by 50 meV. The shift in the
same direction indicates Fermi level shift. Ge 3d peak po-
sition remains almost unchanged at higher depth. The
enhancement of Si 2p-Ge 3d energy separation provide
an evidence of hybridization between Si and Ge valence
states and there is finite charge transfer between them
due to variation of the relative concentration of Si/Ge
[21, 28].
In addition, we discover new features at the lower bind-
ing energy side (21-28 eV) of Ge 3d bulk peaks. The in-
tensity of the features strongly depends on the location
in the IQH structure and cannot be associated to impuri-
ties for the following reason. Bonding with carbon and/or
oxygen (electronegative) leads to enhancement in bind-
ing energy as observed earlier; the Ge 3d peaks in GeOx
appear at higher binding energies [29]. Our detailed char-
acterization of the samples including elemental analysis
does not show signature of impurity in the system. Pho-
toemission spectroscopy being a highly surface sensitive
technique, captures weak intensities due to adsorption of
impurities on aging[30]. While weak intensity at 31.5 eV
in Ge 3d spectrum of s10 show signature of some surface
oxygen, no such peak is present in other spectra having
intense new features.
We simulated the experimental spectra to find the con-
stituent features using least square error method follow-
ing the selection rules and conservation rules associated
to photoemission process. Si 2p spectra could be simu-
lated using two peaks representing spin-orbit split 2p3/2
and 2p1/2 signals with a spin-orbit splitting of 0.63±0.02
eV [31]; a typical result is shown in Fig. 2(b). Fitting
results of selected Ge 3d core level spectra are shown in
Fig. 2(a). Intense broad peak at 29 eV consists of Ge
3d5/2 and 3d3/2 signals (spin-orbit splitting of 0.58±0.02
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FIG. 2. (a) Simulation of Ge 3d spectra collected on s10,
s42 and s100 surfaces. Solid line over the data points (sym-
bols) represent the fit and other lines represent the component
peaks. Inset shows the expanded view of the low binding en-
ergy region. (b) Simulation of Si 2p spectra collected on S10
and S100 surfaces. Definition of lines are same as in (a). (c)
Relative peak positions and intensities of the final state fea-
tures in Ge 3d spectrum of s42 surface with respect to the 3d
signals from Ge bulk. (d) Changes in relative intensities of
different Ge 3d low binding energy features with the variation
of depth within IQH. Definition of colours is the same as in
(c).
eV) from bulk Ge [32].
The features in 21-28 eV energy range are denoted by
A, B, C and D. All the features could be captured well
considering peak pairs possessing characteristics of Ge
3d5/2 and 3d3/2 signals. The position and intensities of
A, B, C and D of s42 spectrum relative to the bulk Ge
3d peak are shown in Fig. 2(c). A, B, C and D are away
from the main peak by about 2.8 eV, 4.6 eV, 6.5 eV and
7.8 eV, respectively. The intensities of the features at
different depths from the sample surface are shown in
Fig. 2(d). A and D are intense in s10 spectrum (the base
region of IQHs). The intensity of A (blue line) exhibits a
weak decrease and D (black line) exhibits a weak increase
between s10 and s17. The intensity of D remains almost
same at higher depth while the intensity of A exhibits
weak non monotonic depth dependence. Thus, the peaks
A and D are attributed to the final states having the
origin related to the surface and interface of the wetting
layer with the Si layers, respectively. The contribution
of C is quite strong on S17 and S42 surfaces while the
FIG. 3. Schematic of the core hole screening process by ex-
citons. Few atoms are shown in each unit cell for clear vi-
sualisation of the process. Green and violate colours repre-
sent Si atoms and Ge atoms respectively and glow around the
atoms represent corresponding electron clouds. Elongated red
coloured glows represent excitons in the system.
intensity of B is high in almost all the cases except S10.
The interaction of the photoexcited core hole and va-
lence electrons, termed as core hole screening, leads to
multiple features in core level spectrum; this is exten-
sively studied using multiband Hubbard model [33]. The
well screened feature appear at lower binding energy rel-
ative to the poorly screened ones; the energy separation
between the well screened and poorly screened features
is often found to be of the order of 10 eV. Interestingly, it
is observed that the extent of screening and the nature of
the final state often gives rise to distinct features [26, 34].
A good example of such a scenario is the final state fea-
tures observed due to Zhange-Rice singlet appear about
1.5 eV lower in energy compared to the well screened
feature [34]. The lowering of energy of the final state fea-
ture comes due to additional stabilization (energy scale
∼meV) as the ligand hole around the photoemission site
created by the electron transfer for screening the core hole
forms a bound state with another hole in the conduction
band/neighbouring site [34–37].
In semiconductors, core level spectra typically show
poorly screened features as the valence electrons are lo-
calized this is observed in Si and Ge core level spectra.
However, the extended nature of the excitons can lead to
significant screening of the core hole. The corresponding
final state Hamiltonian can be expressed as,
H =
∑
(ǫcc
†c+ ǫpp
†p+ ǫee
†e− ǫexp
†pe†e)−
∑
Uecnenc
+
∑
(tijp
†
ipj + t
′
ije
†
iej + h.c.)
p, e and c represent hole in the valence band, electron
in the conduction band and core hole due to photoemis-
sion, respectively. ǫex is the binding energy of the exciton
and Uec is the coulomb interaction strength between core
hole and conduction electron. The filled valence band
in this semiconductor is considered as an empty state,
4|p0 >. After photoemission, the possible states are |p0 >
and |e1L1p > here the second state refers to an exciton,
where the conduction electron resides at the photoemis-
sion site to screen the photoexcited core hole and it also
has formed an excitonic state with the hole, |L1p > in the
neighbouring site. The energy difference between the two
states will be a function of Uec, t and ǫex; the simplest
form will be ∆E =
√
[(ǫ− Uec − ǫec)2 + 4t2]. Consider-
ing that the feature, D appears at 7.8 eV corresponds
to the exciton having highest binding energy of 0.92 eV
and the transfer energy is about 1 eV in these systems,
the estimate of Uec will be about 5.3 eV, which is quite
reasonable for such interactions. Clearly, the other fea-
tures at relatively smaller energy separations can be cap-
tured using the parameters in this energy scale. While
a detailed theoretical work is necessary to capture the
complete physics behind this phenomena, the estimate
provided here justifies the scenario of core hole screening
by excitons with electronic interaction parameters con-
sistent with the other experimental findings.
The qualitative scenario for various features is demon-
strated in Fig. 3, where Ge 3d core hole (black dot) forms
at (0.25,0.25,0.25) and excitons (X0: electron-hole bound
pair) are shown by red glow. In Figs. 3(a), the exciton is
not located at the photoemission site and hence the sig-
nal corresponds to the bulk feature. The exciton in 3(b)
screens the core hole. It has been observed that excitons
in Ge QDs have lower binding energy than the excitons
in similarly shaped & sized Si QDs [38] due to the lower
bandgap. Therefore, the excitons associated with more
numbers of Si atoms will be more strongly bound and the
core hole screened state will be better stabilized. Thus,
the corresponding photoemission feature will appear at
the lowest binding energy, which is feature D. It is clear
that the binding energies of various photoemission final
states would be related to the number of Ge/Si atoms
bonded to the Ge at the photoemission site as shown in
Figs. 3(c-f). The mid region of IQH can be represented
by the arrangements of Fig. 3(c) and Fig. 3(d), provid-
ing the features ’C’ and ’B’, respectively. Ge wet layer
has atomic arrangement of the type shown in Fig. 3(e)
having more Ge neighbours and can be associated with
the feature ’A’ in Ge 3d spectra. The scenario of Fig.
3(f) is similar to bulk Ge and is less probable to find in
our sample as supported by the observed compositional
analysis of those IQHs [21]. These descriptions beauti-
fully match with the experimental observations.
In summary, we studied the core level spectra of Si/Ge
quantum structures employing high resolution core level
photoemission spectroscopy. The discovery of distinct
features due to core hole screening by excitons provides
a new direction of the core level spectroscopy; we demon-
strate that the element specificity and surface sensitivity
of CoLePES makes it a powerful direct probe for local ex-
citons. The finding of local excitons in the inverted quan-
tum huts embedded in Si-matrix are consistent with the
type I photoluminescence [22] and establish their candi-
dature to engineer devices for optoelectronic applications
and quantum communications.
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